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Magnetic data are reported for Prussian Blue Analogs (PBAs) of composition M3[M
0
(C,N)6]2·xH2O, where
M ¼ Mn, Co, Ni or Cu and M0 ¼ Cr, Fe or Co and x is the number of water molecules per unit cell. PBAs
crystallize in cubic framework structures, which consist of alternating MIIIN6 and MIIC6 octahedra. Oc-
cupancies of the octrahedra are not perfect: they may be empty and the charges are balanced by the
oxygen atoms originating from guest water molecules at the lattice site (C or N site) or the interstitial site
(between the octahedrals) of the unit cell. Large crystal-ﬁeld splittings due to the octrahedral environ-
ment results in a combination of low- or high-spin conﬁgurations of localized magnetic bivalent and
trivalent 3d moments. The magnetic susceptibility of studied PBAs follows the CurieeWeiss behavior in
the paramagnetic region up to room temperature. Moreover, the data provide evidence for a long-range
magnetic ground state for most metal hexacyanochromates and all metal hexacyanoferrates, while
hexacyanocobaltates remain paramagnetic down to the lowest temperature measured (2 K). For all
compounds, the effective magnetic moments determined from experiments were found to be in
reasonable agreement with predicted combinations of high- and low-spin moments.
© 2016 Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Prussian Bluewas discovered in early 1700s byHeinrich Diesbach,
a Berlin draper, who accidentally synthesized a dark blue pigment
when combining distillate of animal carcasses with potassium car-
bonate [1,2]. Because of its color, the new compound was called
Prussian Blue and it became widely used as a color pigment in
printing, painting and dyeing. In fact, its traditional use in printing is
the reason for the name ‘blueprint’. Prussian Blue is ferric ferricya-
nide with the chemical formula FeII½FeIIIðCNÞ63=4$7=2H2O. The
compound crystallizes in the cubic Pm3m framework structure of
alternating FeII (Fe2þ) and FeIII (Fe3þ) ions arranged in such away that
FeIII is octahedrally surrounded by nitrogen atoms and FeII is octa-
hedrally surrounded by carbon atoms.MSC 3D, New Mexico State
46 2459.
onal University, Hanoi.
V. on behalf of Vietnam NationalPrussian Blue Analogs (PBAs) are formed when either one or
both of the Fe ions are (partially or fully) replaced by other ions, but
the general framework structure of alternating octahedra remains
largely intact. Such substitutions can be done via standard chemical
precipitation methods for a wide range of cation substitutions.
Therefore, PBAs provide an attractive system for systematic studies
of the magnetic (and other) effects within an isostructural series.
Depending on the substituting ions, many of the PBAs may still
exhibit bright colors, although they may not necessarily be blue
anymore. For many PBAs, either of the two sites can be partly
occupied by either solvent residuals or other anions. Moreover,
most PBAs will contain a signiﬁcant amount of water molecules,
most of which will reside at interstitial sites (between the octa-
hedra) but the oxygens originating from thewater molecules might
also be present at regular lattice sites for charge balancing the ions.
PBAs are discussed for a large range of applications, such as
negative-thermal expansion materials [3], sensors [4], gas separa-
tion devices [5] and hydrogen-storage applications [6], to name just
a few. Aside from potential applications making use of the peculiarUniversity, Hanoi. This is an open access article under the CC BY license (http://
Table 1
Space group and room-temperature lattice parameters for PBA compounds, as
determined by X-ray and/or neutron diffraction. Errors for the lattice parameters are
given in the brackets.
Prussian Blue Analog Diffraction
Probe
Space
group
a [Å] Reference
Hexacyanochromates(III)
Mn3[Cr(CN)6]2$10H2O X-rays Fm3m 10.892(2) This work
Co3[Cr(CN)6]2$14H2O X-rays Fm3m 10.239(2) This work
Neutrons Fm3m 10.2160(3) This work
Ni3[Cr(CN)6]2$14H2O X-rays Fm3m 9.981(1) This work
Cu3[Cr(CN)6]2$12H2O X-rays Fm3m 9.931(2) This work
Hexacyanoferrates(III)
Mn3[Fe(CN)6]2$14H2O X-rays F43m 10.454(1) [3]
Neutrons F43m 10.4892(2) This work
Co3[Fe(CN)6]2$18H2O X-rays F43m 10.088(2) [3]
Neutrons F43m 10.2830(2) This work
Ni3[Fe(CN)6]2$14H2O X-rays F43m 10.196(2) [3]
Neutrons F43m 10.2346(4) this work
Cu3[Fe(CN)6]2$18H2O X-rays Fm3m 10.032(1) [3]
Neutrons Fm3m 10.0831(2) This work
Hexacyanocobaltates(III)
Mn3[Co(CN)6]2$12H2O X-rays F43m 10.288(1) [3]
Co3[Co(CN)6]2$12H2O X-rays F43m 10.075(2) [3]
Ni3[Co(CN)6]2$16H2O X-rays F43m 10.009(2) [3]
Cu3[Co(CN)6]2$17H2O X-rays Fm3m 9.962(1) [3]
Fig. 1. Representation of the conﬁguration of Prussian Blue Analog framework of
alternating metal-containing C6 and N6 octrahedra (adopted from ref. [3]). For the
composition M3[M
0
(CN)6]2·xH2O, two space groups are found: the Fm3m structure that
exhibits defects in the framework, and the F43m structure that has additional metal
ions between octahedra (see text).
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PBAs also generated some interest for potential magnetic applica-
tions due to the possibility of photomagnetism [7]. Magnetic order
is possible because the bridging cyanide ligands may allow for in-
direct exchange (superexchange) between the magnetic ions [8],
which may be in either low- or high-spin conﬁgurations due to
crystal ﬁeld effects. Photoinducedmagnetism has been reported for
example in the rubidium cobalt hexacyanoferrate system [9].
Therefore, systematic investigations of magnetic PBAs may provide
fundamental insight in the ﬁeld of molecular magnetism in general.
This is because: a) PBAs share many of the magnetic features found
for single-molecule magnets, b) large families of isostructural PBAs
are fairly easy to prepare at room temperature, c) the metal ions at
the center of the octahedra are linked covalently into the 3-
dimensional network, and d) substitution of wide range of metals
with different spin states and oxidation state are possible.
Here, we report on the magnetic properties of PBAs with
composition M3[M
0
(C,N)6]2·xH2O, where M ¼ Mn, Co, Ni or Cu and
M
0 ¼ Cr, Fe or Co and x is the number of water molecules per unit
cell.
2. Sample preparation and characterization
All PBAs were prepared via standard chemical precipitation
method. The procedures for the metal hexacyanoferrates, i.e.
M3[Fe(CN)6]2·xH2O, and ecobaltates, i.e. M3[Co(CN)6]2·xH2O, are
described in ref. [3]. For the preparation of polycrystalline
samples of metal hexacyanochromates, i.e. M3[Cr(CN)6]2·xH2O,
we used ACS-quality reagents as-received without further pu-
riﬁcation. In all cases, the metal nitrate was used as starting
material. Typically, we dissolved 37.5 mmol of metal nitrate into
50 ml of water and 25 mmol of potassium chromiumcyanide
K3[Cr(CN)6] was dissolved into 250 ml of water. The ﬁrst solution
was poured into the second one with vigorous stirring. Solid
precipitates were ﬁltered out, washed with large amounts of
water, and dried overnight at room temperature. Grinding with a
mortar and pestle produced a ﬁne powder suitable for experi-
mental studies.
For each of our PBAs, the phase purity and some of the struc-
tural parameters were determined by X-ray diffraction (XRD) and
the water content was determined by Thermogravimetric analysis
(TGA). For ﬁve of our PBA compounds, we performed additional
room-temperature neutron diffraction studies using the High
Intensity Powder Diffractometer (HIPD) at the Lujan Neutron
Scattering Center, Los Alamos National Laboratory. These data
were reﬁned using the Rietveld reﬁnement program package,
GSAS [10].
Owing to the 3:2 ratio between the twometal ions in our PBAs, a
perfect framework of alternating (metal-ion containing) N6 and C6
octahedra does not fully account for the crystal structure of our
PBAs. The chemical composition requires that one additional metal
ion (one out of three trivalent ions) needs to be accommodated by
the structure. Jimenez-Gallegos et al. [11] studied the structural
properties of another family of PBAs, namely Mg3[M(C,N)6]2·xH2O
withM ¼ Fe or Co, and they established that the defect distribution
in that system is intermediate between fully ordered and
completely random. A completely ordered version can be described
by the Pm3m structure reported for the original Prussian Blue. For
our PBAs, however, neither the X-ray nor the neutron diffraction
data provide any evidence for superlattice reﬂections although all
of our PBAs retain cubic symmetry. Some of our PBAs adopt the
cubic Fm3m structure, for which defects are randomly distributed.
The other PBAs were found to have an additional metal ion into a
partially occupied (non-octahedral) lattice position in the center of
the framework between 8 corner octahedra, i.e. space group: F43m.It is important to realize that the Fm3m structure has to have de-
fects (such as missing octahedra) in the main framework in order to
accommodate the ratio of 3:2 ofM toM0 ions, whereas in F43m the
extra M ions occupy the center positions in between octahedra at
half occupancy. For both structures (Fm3m or F43m), however, the
defects and/or extra metal ions lead to additional local charges, and
those are compensated by the (lattice and/or interstitial) water
molecules contained in our PBAs.
It should be noted that a combination of X-ray diffraction
and neutron diffraction data provide information about the
atomic positions of all constituents of our PBAs, including the
location of the water molecules. More detailed structural
analysis of the neutron diffraction data will be published
elsewhere [12].
Table 1 provides crystal structure and lattice parameters for all
PBAs investigated here, and Fig. 1 provides a sketch of the cubic
framework structure.
Fig. 2. Temperature dependence of the magnetization for M3[Cr(CN)6]2·xH2O com-
pounds in an applied ﬁeld of 0.1 T. Arrows mark the approximate positions of inﬂection
points, which indicate magnetic transition temperatures. Here, the mass magnetiza-
tion is measured in units of Am2/kg, where the mass was determined for the pure PBA
with zero water molecules present.
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The magnetic measurements utilized a commercial Physical
Property Measurement System (PPMS) from Quantum Design,
which allows studies in high magnetic ﬁelds up to 14 T and tem-
peratures between 2 K and 300 K with the help of a Vibrating
Sample Magnetometer (VSM). The basic operation of a VSM is that
it oscillates the sample near a detection (pick-up) coil assembly and
detects the induced voltage in the detection coil. Quantum Design's
PPMS uses a pick-up coil conﬁguration that allows for relatively
large (linear) oscillation amplitudes (up to 3 mm) at high frequency
(up to 40 Hz). The VSM insert is mounted in the center of the 14 T
magnet, and the system is able to resolve changes in the magne-
tization of 109 Am2 or better (at a rate of 1 Hz).
Two types of magnetic studies were performed: a) measure-
ments of the temperature dependence of magnetic response
(magnetization) in a ﬁxed applied ﬁeld of 0.1 T for all of our PBAs,
and b) measurements of the ﬁeld dependence of the magnetization
at various ﬁxed temperatures varying from 2 to 300 K for two
representative hexacyanoferrates.
For our experiments, ﬁne powders of all PBAs were compressed
into a plastic capsule serving as a sample, which was then attached
to the VSM head for the measurements. It is assumed that powder
particles are randomly aligned and that the particles were clamped
hard enough to avoid rotation in an applied ﬁeld. In order to
determine the contributions from the plastic capsule sample
holder, we measured the ﬁeld and temperature dependence of the
empty holder and the results were used to correct the data. Apart
from sample holder contributions, we also need to take into ac-
count that all of our PBAs contain signiﬁcant amounts of water
molecules. Water has a diamagnetic susceptibility
of 1.6  1010 m3/mol [13], and we corrected for the diamagnetic
contributions due to the water molecules. In our studies, sample-
holder and diamagnetic water corrections were found to be fairly
small, reaching just about 4% at worst, i.e. for the copper
hexacyanocobaltate.
According to Weiss' mean ﬁeld theory, the atomic moments
interact with each other via an exchange ormolecular ﬁeld, and this
leads to the so-called CurieeWeiss scaling of the magnetic
susceptibility
c ¼ C
T  qP
; (1)
where qp is the so-called paramagnetic Curie temperature. The
nature of the magnetic ground state (para-, ferro-, ferri- or anti-
ferromagnetic) may be inferred from the paramagnetic Curie
temperature qp. For a paramagnetic ground state, qp ¼ 0. For anti-
ferromagnetic and ferromagnetic ground states, qp is negative or
positive, respectively. The situation is less clear for ferrimagnets,
where qp can be negative or positive, depending on the strength of
couplings within and between the magnetic sublattices. C is the
Curie constant, and it is related to the effective moment(s) meff
present in the material via
C ¼
NAm0m
2
eff
3kB
: (2)
NA, m0 and kB are the usual constants for Avogardo's number,
permeability in vacuum and Boltzmann constant. It should be
noted that for the Prussian Blue Analogs, there are 5 magnetic ions
per unit cell.3.1. Magnetic properties of metal hexacyanochromates
Fig. 2 shows the temperature dependence of the magnetic
response of the metal hexacyanochromates M3II[CrIII(CN)6]2·xH2O in
an applied ﬁeld of 0.1 T.
The magnetization curve of the Mn3[Cr(CN)6]2·10H2O shows a
fairly sudden increase in the magnetic response for temperatures
below 70 K and a saturation tendency at the lowest temperatures.
These are the trades consistent of a transition from a paramagnetic
to a long-range magnetically-ordered state. The magnetic transi-
tion temperature can be determined from the infection point.
However, unlike a material with a single magnetic transition,
Mn3[Cr(CN)6]2·10H2O displays a slight S shape in the M vs. T curve
and there is evidence for two inﬂection points (at 60 and 35 K),
rather than showing a dependence that is described by a single
Brillouin function. This indicates that the sample that we measured
may have two magnetic transitions at different temperatures. It is
possible that ourMn3[Cr(CN)6]2·10H2O exhibits some compositional
inhomogeneities and that slight differences in local composition
results in different ordering temperatures or this particular
compound.
The other M3[Cr(CN)6]2·xH2O compounds with M ¼ Co, Ni, and
Cu show no clear signs of a saturation tendency down to the lowest
temperatures measured. However, Co3[Cr(CN)6]2·14H2O and
Ni3[Cr(CN)6]2·14H2O show signiﬁcantly enhanced magnetizations,
clearly deviating from paramagnetic CurieeWeiss scaling, for
temperatures below 20 K. Therefore, there is evidence for long-
range magnetic order in those compounds as well. Our measure-
ments on Cu3[Cr(CN)6]2·17H2O, on the other hand, are consistent
with paramagnetic behavior down to the lowest temperature
measured (2 K).
A reliable determination of qp and the paramagnetic Curie
temperature C can be done by a linear ﬁt of the inverse magnetic
susceptibility 1/c or B/M in the paramagnetic region assuming that
M vs. B is linear in low applied ﬁelds andM¼ 0 in zero applied ﬁeld.
In other words, one can invert the CurieeWeiss law to read
H. Nakotte et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 113e1201161
c
¼ T
C
þ qp
C
: (3)
The ﬁts and the experimental data for the metal hex-
acyanochromates are shown in Fig. 3.
For all of the metal hexcyanochromates, we ﬁnd that inverse
susceptibility is a linear function with temperature for tempera-
tures above 100 K, and the agreement extends to even lower
temperatures for the Co, Ni and Cu compounds.
Using linear least-squares ﬁts for temperatures above 100 K, we
extracted the values for the paramagnetic Curie temperatures qp
and the CurieeWeiss constants C for each of our metal hex-
acyanochromates (see Table 2). The table also includes the mag-
netic transition temperature (if any) estimated from the inﬂection
points of the M vs. T curves (see Fig. 2). Magnetic properties of all
metal hexacyanochromates were previously reported by Zentkova
et al. [14] and their results are included in the table for comparison.
Those authors did not speciﬁcally report their values for the Curie
constant but they did report values for their effective moments, and
we computed the Curie constants using eq. (2).
Clearly, there are signiﬁcant differences between our results and
the ones reported by Zentkova et al. [14] even though the generalFig. 3. Temperature dependence of B/M for M3[Cr(CN)6]2·xH2O compounds in an
applied ﬁeld of 0.1 T.
Table 2
Magnetic transition temperatures Tord, paramagnetic Curie temperatures qp and the
CurieeWeiss constants C for metal hexacyanochromates. Errors are indicated in
brackets.
Compound This work Zentkova et al. [14],a
Tord [K] C
[105 m3K/
mol]
qp [K] Tord [K] C
[105 m3K/
mol]
Mn3[Cr(CN)6]2$10H2O 60/35(9) 17.0(6) 68(9) 50 12.5
Co3[Cr(CN)6]2$14H2O 15(5)b 10.5(8) 15(4) 25 12.1
Ni3[Cr(CN)6]2$14H2O 18(5)b 3.5(4) þ8(4) 38 9.8
Cu3[Cr(CN)6]2$12H2O e 2.2(4) 17(3) 35 5.5
a Water content in those samples may be different.
b Ordering temperatures could not be reliably determined because of the absence
of saturation down to the lowest temperatures measured.trends are similar for the most part. It should be noted that the
fairly high ordering temperature for Mn hexacyanochromate is
consistent with reports in the literature [7,14], while our observed
odering temperature for the other hexacyanochromates are
signiﬁcantly lower. We speculate that those differences may be
attributed to differences in local defect structure and/or the water
content of the samples investigated elsewhere. In addition, Zen-
tkova et al. [14] used a modiﬁed CurieeWeiss law for the deter-
mination of their magnetic parameters, i.e.
c ¼ c0 þ
C
T  qp ; (4)
where an additional c0 term is added as a temperature-
independent background term. Such a term may signiﬁcantly
affect the values of the other ﬁtting parameters and it is commonly
attributed to contributions of imperfections and impurities in the
magnetic lattices. While such a term could be reasonably expected
in materials with partial occupancies, such as our PBAs, the main
indicator for the presence of a signiﬁcant c0 term should lead to
deviations from linearity in the 1/c vs. T curves that should be most
pronounced at higher temperatures where c is smallest. As can be
seen in Fig. 3, deviations from linearity are prevalent at low tem-
peratures instead, and those are more likely due to developing
magnetic correlation. Therefore, we believe that c0 contributions
can be neglected.3.2. Magnetic properties of metal hexcyanoferrates
Fig. 4 shows the temperature dependence of the magnetic
response of the metal hexacyanochromates M3II[FeIII(CN)6]2·xH2O in
an applied ﬁeld of 0.1 T.
All of the metal hexacyanoferrates show a fairly sudden increase
in the magnetic response for temperatures in the range from 15 to
35 K and a saturation tendency at the lowest temperatures, i.e. theyFig. 4. Temperature dependence of the magnetization for M3[Fe(CN)6]2·xH2O com-
pounds in an applied ﬁeld of 0.1 T. Arrows mark the approximate positions of inﬂection
points, which indicate magnetic transition temperatures. Here, the mass magnetiza-
tion is measured in units of Am2/kg, where the mass was determined for the pure PBA
with zero water molecules present.
H. Nakotte et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 113e120 117exhibit long-range magnetic order. We again determined the
magnetic transition temperatures from the infection points.
Fig. 5 shows 1/c or B/M vs. T linear ﬁts for the metal hexcya-
noferrates for the paramagnetic region above 50 K.
Using linear least-squares ﬁts for temperatures above 50 K, we
again extracted the values for the paramagnetic Curie temperatures
qp and the CurieeWeiss constants C for each of our metal hex-
acyanoferrates (see Table 3). The table also includes the magnetic
transition temperature estimated from the inﬂection points of the
M vs. T curves (see Fig. 4). Magnetic properties for
Ni3[Fe(C,N)6]2·xH2O and Co3[Fe(C,N)6]2·xH2O were previously re-
ported by Jusczyk et al. [15] and their results are included in the
table for comparison. Like Zentkova et al. [14], these authors also
did not speciﬁcally report their values for the Curie constant but
they did report values for their effective moments, and we again
computed the Curie constants using eq. (2).
In the case of metal hexacyanoferrates, there are far less sig-
niﬁcant differences between our ﬁtting results and the ones pre-
viously reported by Jusczyk et al. [15]. The difference is the Curie
constant can again be attributed to the use of the modiﬁed Curi-
eeWeiss law (see discussion above).
Next, we measured the ﬁeld dependence of the magneti-
zation at various ﬁxed temperatures for two of the metalFig. 5. Temperature dependence of B/M for M3[Fe(CN)6]2·xH2O compounds in an
applied ﬁeld of 0.1 T.
Table 3
Magnetic transition temperatures Tord, paramagnetic Curie temperatures qp and the
CurieeWeiss constants C for metal hexacyanoferrates. Errors are indicated in
brackets.
Compound This work Jusczyk et al. [15],a
Tord [K] C
[105 m3K/
mol]
qp [K] Tord [K] C
[105 m3K/
mol]
Mn3[Fe(CN)6]2$14H2O 10(2) 16.2(5) 13(3) e e
Co3[Fe(CN)6]2$18H2O 14(2) 12.3(9) 16(4) 14 6.5
Ni3[Fe(CN)6]2$14H2O 24(2) 6.1(6) þ24(2) 24 4.6
Cu3[Fe(CN)6]2$18H2O 19(2) 3.5(4) þ20(2) e e
a Water content in those samples may be different.hexacyanoferrates, namely Co3[Fe(C,N)6]2·18H2O and Ni3[Fe(C,N)6]2·
16H2O. The results are shown in Fig. 6a and b.
TheM vs. T curves indicated that these two compounds undergo
long-rang magnetic ordering at their respective ordering temper-
atures Tord (see Table 3). The magnetic ordering is corroborated by
the M vs. B curves at various ﬁxed temperature. Below Tord, the
shape of the magnetizations curves clearly changes for both com-
pounds. Ni3[Fe(C,N)6]2.16H2O has a signiﬁcant remnant magneti-
zation (i.e. ferro- or ferrimagnetism) while the Co3[Fe(C,N)6]2·18H2O
magnetization goes to zero as expected for an antiferromagnet. In
both cases, the observed saturation magnetizations are about half
of what is computed using free-ionmoments. The factor of 1/2 for a
completely random powder may point to strong uniaxial magnetic
anisotropy, while the reduction would be smaller for any type of
planar anisotropy. To test this hypothesis, we performed an addi-
tional magnetization study in a short-pulsed ﬁeld up to 50 T on
Ni3[Fe(C,N)6]2·16H2O in order to check whether there are any
additional ﬁeld-induced transitions at higher ﬁelds. No such tran-
sitions were observed, and we therefore propose that our PBAs
likely exhibit strong uniaxial magnetic anisotropy.Fig. 6. a (top): Field dependence of the magnetization for Co3[Fe(C,N)6]2·18H2O at
various ﬁxed temperatures between 2 and 300 K. Note that the shape of the magne-
tization changes below Tord ¼ 14 K; and b (bottom): Field dependence of the
magnetization for Ni3[Fe(C,N)6]2·14H2O at various ﬁxed temperatures between 2 and
300 K. Note that the shape of the magnetization changes below Tord ¼ 24 K. The mass
magnetization is measured in units of Am2/kg, where the mass was determined for the
pure PBA with zero water molecules present.
H. Nakotte et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 113e1201183.3. Magnetic properties of metal hexcyanocobaltates
Unlike metal hexacyanochromates and -ferrates, none of the
investigated metal hexacyanocobaltes exhibits any signiﬁcant
deviation from CurieeWeiss behavior in the temperature
dependence of c vs. T. Therefore, we can conclude that these
compounds are likely paramagnetic. Fig. 7 shows 1/c or B/M vs. T
linear ﬁts for the metal hexcyanocobaltates for the whole
temperature region.
Using linear least-squares ﬁts for the whole temperature range,
we extracted the values for the paramagnetic Curie temperatures qp
and the CurieeWeiss constants C for each of our metal hex-
acyanocobaltates (see Table 4). For these PBAs, no previous mag-
netic data have been reported.
We notice that the paramagnetic Curie temperatures are small
and close to zero within error bars (as would be expected for a
paramagnet), with the exception of Co3[Co(CN)6]2·12H2O. This is
likely due to the fact that this compound exhibits a slightly irregular
curvature, which may be attributed to possible valence ﬂuctuations
of Co2þ/3þ in this compound. This effect can also be noticed in the
other cobalt hexcyanometallates, namely Co3[Cr(CN)6]2·14H2O and
Co3[Fe(CN)6]2·18H2O, but to a lesser extent.Fig. 7. Temperature dependence of B/M for M3[Co(CN)6]2·xH2O compounds in an
applied ﬁeld of 0.1 T.
Table 4
Paramagnetic Curie temperatures qp and the CurieeWeiss constants C for metal
hexacyanocobaltates. Errors are indicated in brackets.
Compound This work
Tord [K] C [105 m3K/mol] qp [K]
Mn3[Co(CN)6]2$12H2O e 13.7(2) 9(5)
Co3[Co(CN)6]2$12H2O e 10.3(8) 16(9)
Ni3[Co(CN)6]2$16H2O e 4.8(3) 3(3)
Cu3[Co(CN)6]2$17H2O e 1.7(4) 5(3)4. Analysis and discussion
4.1. Crystal ﬁelds, electron spin states and orbital momentum
Our PBAs have to be treated as local-moment systems, and the
local magnetic ﬁelds that reside at the site of a magnetic ions in our
PBAs will lift the (2J þ 1) degeneracy of the ground state manifold.
Clearly, the occupancies of the localized discrete energy levels
compete with the thermal energy, i.e. they are a function of tem-
perature. An avenue for lifting the (2J þ 1) degeneracy of any local-
moment magnet are electrostatic ﬁelds and this time all of sur-
rounding atoms in the materials (not only the magnetic ones) may
play a role. The effects of electrostatic ﬁelds can be understood in
terms of crystalline electric ﬁeld, which is able to re-orient the
electronic charge cloud into an energetically favorable direction, i.e.
energy level splitting that depends on local charge distribution and
symmetry surrounding the magnetic ion. Crystal-ﬁeld splitting of
the energy levels are typically much stronger compared to mag-
netic effects, but it is an effect generally limited to each individual
magnetic ion (single-ion anisotropy). Most coordination chemistry
textbooks provide a discussion of the effect of crystal ﬁelds on
transition-metal complexes in different geometrical conﬁgura-
tions; see for example, reference [16].
Crystal ﬁelds are particularly effective in the creation of a large
energy splittingD in octahedral coordination complexes, where the
magnetic ion is centered in an octrahedra formed by the complex's
ligands. This is the situation for our PBAs, where most or all of the
transition-metal ions are centered in C or N octrahedra. The ligands
making up the octahedra create a spherical ﬁeld and the energies of
all center-atom orbitals would have to rise together as a result of
strong repulsion between negative charges on the ligands and the
negative charges of the electrons in the center-atom orbitals. As a
result, certain center-atom orbitals to become energetically less
favorable than others and the degeneracy will be lifted. Particularly,
center-atom orbitals that extend further into the ligand ﬁelds have
higher energy compared to others.
The d orbitals of transition metals exhibit the 5-fold degeneracy
ðdz2 ; dx2y2 ; dxy; dyz; dzxÞ, which will be lifted and split in two levels
in the presence of an octrahedral charge distribution. In the
octrahedra, the t2gði:e: dxy; dyz; dzxÞ orbitals point between the li-
gands, while the egði:e: dz2 ; dx2y2 Þ orbitals point directly at the li-
gands. Thus, the t2g set is stabilized and the eg set is destabilized
relative to the energy of a hypothetical spherical octahedral ﬁeld.
This phenomenon is also referred to as orbital splitting. The higher
energy orbital eg possesses two orbitals whereas the lower energy
orbital t2g possesses three orbitals, as shown in Fig. 8.
In the case of a relatively weak ligand ﬁeld, the ligand-metal
bond is fairly weak and the splitting energy is smaller than pair-
ing energy, which is the energy required to pair two electrons in an
orbital. Therefore, rather than pairing in the lower t2g orbital, the
electron prefers to go to the higher energy orbital eg with one
electron in each of the orbitals8. In this case, the complex estab-
lishes a high-spin state since the number of unpaired electrons is
maximized.
A large ligand ﬁeld, on the other hand, causes a large energy
splitting, too large for the electron to start occupying the eg orbitals.
Therefore, the electrons ﬁrst start pairing up in lower energy t2g
orbitals before occupying higher energy eg orbitals. In this case, the
complex establishes a low-spin state since electrons tend to pair up
until t2g orbitals are fully occupied. Note that the low-spin conﬁg-
urations Fe2þ and Co3þ are diagmagnetic (d6) since they have no
unpaired electrons. In addition, the spin state affects the atomic
radius of the magnetic ion in the PBA complex.
Table 5 lists the number of unpaired d electrons in octahedral
complexes for both conﬁgurations.
Fig. 8. Schematics of the energy level splitting of the ﬁve-fold degenerate d orbitals
into two eg and three t2g orbitals in the presence of an octahedral ligand ﬁeld.
Table 5
Number of unpaired d electrons in high- and low-spin octahedral complexes. There
are no low-spin states for d3, d8 and d9.
d Count Number of unpaired electrons Examples
High-spin Low-spin
d3 3 NA Cr3þ
d4 4 2 Cr2þ, Mn3þ
d5 5 1 Mn2þ, Fe3þ
d6 4 0 Fe2þ, Co3þ
d7 3 1 Co2þ, Ni3þ
d8 2 NA Ni2þ, Cu3þ
d9 1 NA Cu2þ
Table 7
Total angular momentum of 3d transitionmetals with spin only, spineorbit for high-
spin and low-spin conﬁgurations.
Magnetic Ion High-Spin State Low-Spin State
Spin only
[mB]
Spin þ Orbit
[mB]
Spin only
[mB]
Spin þ Orbit
[mB]
Cr3þ 3.87 0.77 NA NA
Fe3þ 5.91 5.91 1.73 2.57
Co3þ 4.89 6.70 0 0
Mn2þ 5.91 5.91 1.73 2.57
Co2þ 3.87 6.63 1.73 1.73
Ni2þ 2.82 5.59 NA NA
Cu2þ 1.73 3.55 NA NA
Table 8
Comparison of ‘experimental’ values and predicted effective moments per mag-
netic ion, meff,avg for our PBAs. The selected spin conﬁgurations for the predictions
are indicated in the table. The 3þion are assumed to be spin-only high-spin
conﬁgurations, while the 2þ ions were computed for low-spin in spin-only and
spineorbit extremes (both presented in the last column).
Prussian Blue Analog Experimental
meff,avg [mB]
Theoretical
Spin conﬁgurations meff/f.u
[mB]
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tronic properties of the center atom and the binding strength of the
ligands. Another consequence of high-symmetry environment in
PBA complexes is that the orbital momentum may be quenched.
Orbital momentum is generated when the electron is moved from
one orbital to another in a set of degenerate orbitals. Due to the
large splitting, certain rotationsmay no longer be possible, and thus
the orbital momentum is reduced compared to its expectation
(partial quenching) or zero (complete quenching). Table 6 lists the
conﬁgurations where the orbital momentum is expected to be
fully quenched, while it is only partially quenched for other
conﬁgurations.
When the orbital momentum is completely quenched, it sufﬁces
to consider the spin-only contributions to the magnetization.
4.2. Theoretical predictions and comparison with experiments
All of our PBAs contain ﬁve magnetic ions, presumably two
trivalent and three divalent ions. Table 7 lists the computed mo-
mentum values with spin only and spin and orbital moment for
both the high- and low-spin states (if applicable).Table 6
Quenched orbital momentum of d electron states in octahedral environments.
d count Number of unpaired electrons
High-spin Low-spin
d3 t2g3 t2g3
d4 t2g3 eg1
d5 t2g3 eg2
d6 t2g6
d7 t2g6 eg1
d8 t2g6 eg2 t2g6 eg2
d9 t2g6 eg3 t2g6 eg3Using the experimentally determined values for the para-
magnetic Curie temperatures qp and the CurieeWeiss constants C
for our PBAs with the help of linear ﬁts of 1/c vs. T curves, and those
values are listed in Tables 2e4. The Curie constant C is a ‘measure’ of
the effective moment meff, and we can compute an ‘experimentally
observed’ value for the effective moment per magnetic ion, i.e.
meff,avg (in units of mB) from its value for C. The values are listed in
Table 8, which also includes a comparisonwith the predicted values
using the appropriate free-ion values from Table 7. The discussions
above provide some guidance as to what free-ion values to use, i.e.
low-spin vs. high-spin and spin-only vs. spin & orbit.5. Conclusions
The magnetic studies presented in this article provide evidence
for magnetic ground states for most of the metal hex-
acyanochromates and all of the metal hexacyanoferrates but all
hexacyanocobaltates remain paramagnetic down to the lowest
temperature measured (2 K) Magnetic order in PBAs is likely pro-
moted via superexchange mechanism. All PBAs exhibit Curi-
eeWeiss behavior for the magnetic susceptibility in the
paramagnetic region and the computed effective moments are in
reasonable agreement with the theoretical predictions arising from
a combination of high- and low-spin states.
Our ‘experimental’ values for meff,avg for the metal hex-
acyanochromates are slightly lower than the range predicted from
free-ion values in the case of spin-only Cr3þ. For d3 conﬁguration,Hexacyanochromates(III)
Mn3[Cr(CN)6]2$10H2O 4.6 3*Mn2þ(HS); 2*Cr3þ(LS) 5.1
Co3[Cr(CN)6]2$14H2O 3.6 3*Co2þ(HS); 2*Cr3þ(LS) 3.9/5.5
Ni3[Cr(CN)6]2$14H2O 2.1 3*Ni2þ(HS); 2*Cr3þ(LS) 3.2/4.9
Cu3[Cr(CN)6]2$12H2O 1.7 3*Cu2þ(HS); 2*Cr3þ(LS) 2.6/3.7
Hexacyanoferrates(III)
Mn3[Fe(CN)6]2$14H2O 4.5 3*Mn2þ(HS); 2*Fe3þ(LS) 4.3
Co3[Fe(CN)6]2$18H2O 3.1 3*Co2þ(HS); 2*Fe3þ(LS) 3.0/4.7
Ni3[Fe(CN)6]2$14H2O 2.8 3*Ni2þ(HS); 2*Fe3þ(LS) 2.3/4.1
Cu3[Fe(CN)6]2$18H2O 2.1 3*Cu2þ(HS); 2*Fe3þ(LS) 1.7/2.8
Hexacyanocobaltates(III)
Mn3[Co(CN)6]2$12H2O 4.2 3*Mn2þ(HS); 2*Co3þ(LS) 3.6
Co3[Co(CN)6]2$12H2O 3.6 3*Co2þ(HS); 2*Co3þ(LS) 2.3/3.9
Ni3[Co(CN)6]2$16H2O 2.5 3*Ni2þ(HS); 2*Co3þ(LS) 1.7/3.3
Cu3[Co(CN)6]2$17H2O 1.5 3*Cu2þ(HS); 2*Co3þ(LS) 1.0/2.2
H. Nakotte et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 113e120120Table 6 indicates that the orbital component is only partially
quenched, i.e. it is reasonable to attribute the deviation to partial
quenching of the orbitals moments of 3þ moments while the
moments of the 2þ ions are spin-only. For metal hexacyanoferrates
and hexcyanocobaltates, on the other hand, the ‘experimental’
values fall in the range determined for spin-only and spin & orbital
momentum (Mn2þ and Fe3þ have no orbital momentum). For the
hexcyanoferrates, the ‘experimentally’ determined values tend to
be closer to the spin-only extreme, while for the hex-
acyanocobaltates they are closer to the spin & orbit limit. The low-
spin Fe3þ has no orbital momentum, thus it seems reasonable to
attribute some of the difference to some additional orbital contri-
butions in the case of Co3þ.
Our studies on 3d transition-metal hexacyanometallates show
that these compounds exhibit magnetic properties that can be
attributed to a combination of low- and high-spin conﬁgurations,
which is a necessary pre-requisite for photo-induced magnetism.
For actual applications, however, magnetic ordering above or near
room temperature is required. While our studies provide some
general insight into the magnetic properties of PBAs the ordering
temperatures of our compounds are obviously far too low for
photomagnetic applications. Hexacyanochromates that contain K
and/or V are far more promising in that regard [7].
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